High-resolution spectra from the Princeton Large Torus plasma have been recorded by a 2-m Schwob-Fraenkel soft-x-ray multichannel spectrometer. Spectra covering a wavelength range of approximately 50 A were recorded every 50i msec, and the spectra were normalized and added together to produce composite spectra covering the region 80-:340 A. Several well-known reference lines were used to establish an absolute wavelength scale, and transition wavelengths were measured to an accuracy of approximately 0.02 A. By subtracting spectra recorded at various times throughout the discharge, transitions from ions formed in the cooler and hotter plasmas were easily distinguished, and blends between hot and cold transitions were resolved. Wavelengths of transitions in C, 0, Ti, Cr. Mn, Fe, and Ni have been measured.
INTRODUCTION
many of the transitions and also permitted the precise com-
The study of the soft-x-ray spectroscopy of tokamak pparison of spectra recorded at various times during the same mhs isimprtantdy r the un-rayst y f tdischarge and from different discharges. The signal-tomas is important for the understanding of impurity concennoise ratio was improved by adding a number of spectra, and trations, particle transport, and radiation losses (for a remany blends between transitions in ions that occur during view, see Ref. 1) . The H-, He-, and Li-like resonance transithe cooler and hotter periods of the discharge were resolved tions of t he light impurities C and 0 and the An = 0 groundby subtracting spectra recorded during these periods. state transitions of the highly ionized metallic impurities We discuss in detail the establishment of the absolute such as Ti, Cr, Fe, and Ni appear in the XUV spectral region.
wavelength scale over the wavelength region 80-340 A. This
The spectra of elements that do not occur naturally in tokaincludes the corrections for the distortions introduced by the mak plasmas can be studied by injecting the elements using flat multichannel plate detector, the nonlinearities in the the laser blow-off technique. optical-fiber transmission lines, and the electronic noise.
The unambiguous identification of the transitions, particWe present the spectra of the intrinsic elements C, 0, Ti, Cr, ularly the transitions in the heavy ions, requires the observaFe, and Ni. The spectra of the elements injected by the tion of a number of lines from each ionization stage. The laser blow-off technique will be presented in a separate patime dependence of the radiation is useful in distinguishing transitions in ions that occur over a range of electron temper. perature, and high spectral resolution is necessary to resolve blends of closely spaced lines.
EXPERIMENTAL DETAILS
Suckewer and Hinnov 2 measured the intensities of a number of allowed transitions in the wavelength range 90-300 A
The PLT tokamak produces plasma with central electron from Fe XVniI, Fe xx, and Fe XXl. Stratton et al. : ' observed densities up to 1 X 10 14 cm-t' and central electron tempera--n = 0 transitions below 200 A from Ti, Cr, Ni, and Ge with a tures up to 2.5 keV in ohmically heated discharges. The sl)ectral resolution of 0.7 A.
plasmas typically have durations of somewhat less than 1 In this paper, we present time-resolved spectra that were sec. recorded by the 2-m Schwob-Fraenkel soft-x-ray multi-
The plasma was viewed radially by a 2-m grazing-incichannel spectrometer at the Princeton Large Torus (PLT) tokadence spectrometer. 4 The spectrometer was fitted with a mak.' ' These spectra represent significant improvements 600-line/mm grating, and the wavelength coverage was 5-in spectral resolution and wavelength coverage. An accu-340 A for a grating blazed at 1°31' or 20-340 A for a grating rate wavelength scale was established using well-known ref-
blazed at 3o39 '. The spectra were recorded by either one or erence lines and the geometry ofthe instrument. Thisaccutwo flat MgF 2 -coated microchannel plates (MCP's) that rate wavelength scale was essential for the identification of were interferometrically adjusted to be tangent to the Row- land circle. Each MCP was fitted with a phosphor-screen image intensifier and coupled by a flexible fiber-optic conduit to a 124-element photodiode array. The photodiode array was cont rolled and read out by an optical multichannel analyzer. Each NICP was capable of covering a wavelength range of 20 A at short wavelengths or up to 70 A at the longwavelength limit. High spectral resolution and relatively , low background were achieved over the entire wavelength range. The widths of isolated spectral lines were typically 0.2 A at 20 A and 0.3 A at 300 A. Spectral scans were recorded at intervals of 50 msec throughout the PiLT discharge. Typically 10 usable scans with strong spectral lines were obtained on each discharge.
-Spectral lines from ions that are formed at low electron , termperatures appear intense in the first few scans of a disa charge. These cold lines diminish as the ohmic heating -) -proceeds. During the subsequent plateau regime, when the ,li electron temperature and density are approximately constant, the hot lines are much more intense than the cold lines.
DATA REDUCTION
Ea::'-A typical example of the data recorded during the plateau Fig. 2 . The calibration curve for the MCP. The ordinate is the regime is shown as trace (a) in Fig. 1 . The MCP detector difference betweentheexpected and themeasured pixel positionsof was positioned to record data between 210 and 222 A, and the reference spectral lines, and the abscissa is the difference betrace (a) shows the counts recorded by pixels number 500 tween the measured and the tangential pixel position.
through 700 of the detector array. Superimposed upon the spectral data is a periodic noise pattern that originates in the during this time does not change in pixel position. Shown in electronic components of the photodiode-array detector.
trace (b) of Fig. I is the spectrum that remained after the The period of t he noise pattern for the wavelength region of noise pattern was subtracted from the data of trace (a). The Fig. I is four pixels, and this corresponds to a wavelength differences between traces (a) and (b) are significant, and range of 0.1-0.3 A, depending on the wavelength region.
the subtraction of the noise pattern is essential for the estabSince the period of the noise pattern is comparable with the lishment of an accurate wavelength scale. width of the spectral lines, it is not possible to smooth out
The wavelength scale can be determined from the wellthe noise pattern without spoiling the spectral resolution.
known relation The data recorded after the end of the discharge are pure
noise, and the noise pattern recorded on adjacent scans where X is the wavelength, d -I is the number of lines per unit 400 length of grating, a is the angle of incidence, 3 is the angle of diffraction, and 01o is the angular position of the MCP pixel 1200 -that is tangent to the Rowland circle. A detailed description of the experimental geometry is given in Appendix A (see (a) Fig. 12 below) . 1000
The wavelengths for the well-known standard lines that were obtained from the above equation were initially found Since the MCP is flat and does not conform to the Rowland circle, the angular position 1 of the pixels is a nonlinear function of position on the MCP. The angular coverage of 10 each pixel also varies across the MCP, and this means that the spectral resolution in the data recorded at the two ends of the MCP is different. This is a consideration when over- 
RESULTS

10
The spectra are shown in Figs. 3-11 . The first-order spectrum is indicated by the solid line, and the first-order spectrum shifted to second-and third-order wavelengths is indi-10 cated by the dotted and the dashed lines, respectively. The strong spectral lines appear in multiple orders, and these lines provided a good independent check on the absolute 3 3 wavelength scale.
10 140 145 150 155 160 165 170 175 listed in Table 1 H.L. was abundant early in the discharge or during the plateau A number ,tf lines are unidentified in Table 1 . From the regime, and these lines are labeled cold line (C.L.) and hot lime dependence ot'! he intensities ,,f these lines, it could be line (H.L.), respectively. l)av ct ot. as shown in Fig. 2 , and this calibration curve was used to 0 measure the wavelengths of the unknown lines. Fig. 12 . The geometry of the spectrometer showing the grating G and the flat microchannel plate MCP. The angle of incidence is n. The angular position of the point on the MCP that is tangent to the
